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Abstract 
The observation of light-induced degradation (LID) in indium-doped silicon has led to the idea of an ASi-Sii-defect responsible 
for LID. Generation of silicon self interstitials (Sii) leads, in consequence of the ASi-Sii-defect model, to an enhancement or 
activation of LID, respectively. This was observed several decades ago at the beginning of solar cell investigation for space 
application. Boron-doped float-zone (FZ) silicon solar cells show LID after electron irradiation, gallium-doped FZ solar cells do 
not. The literature data is summarized and interpreted in view of the ASi-Sii-defect model. 
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1. Introduction 
The origin of light-induced degradation (LID) in boron-doped silicon solar cells is frequently discussed [1, 2, 3]. 
The common models, based on a boron-oxygen related defect center, explain the experimentally observed 
dependencies (for example, to the hole density and the oxygen content) very well but the necessary experimental 
confirmations of the involved particles are still missing [4]. 
In this paper we present time dependent charge carrier lifetime measurements during illumination of differently-
doped silicon samples grown by Czochralski (CZ) and float zone (FZ) technique with different interstitial oxygen 
content. LID defect generation in FZ silicon within the framework of the recently proposed ASi-Sii-defect model [5], 
is discussed by the literature data of electron irradiation investigation. 
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2. Experimental details 
Samples used in this study were cut from different boron-, aluminum-, gallium- and indium-doped silicon 
crystals. Crystals were grown out of electronic grade silicon either by Czochralski (CZ) or float-zone (FZ) process 
by Zulehner from Wacker Siltronic AG (samples Ga, In_1, In_3) and Leibniz-Institute for crystal growth (IKZ) 
Berlin (samples Al and In_2). Sample B is a standard boron-doped CZ silicon sample. Interstitial oxygen 
concentration [Oi] was determined by Fourier transform infrared spectroscopy (FTIR) [6]. Specific resistivity was 
measured with a 4-point-probe setup [6]. To verify the indium doping, the indium concentration was measured using 
a low-temperature FTIR setup at CiS according to ASTM F 1630-95. No amount of other dopants (like boron) was 
detected. Details of the investigated samples are given in                                             Table 1. All samples were 
etched by potassium hydroxide to remove the saw damage, standard RCA cleaned and surface passivated by a 
PECVD silicon nitride layer [7]. The measurement procedure is described in Ref. 5. 
                                            Table 1. Sample information. 
sample method/ orientation dopant ρ [Ωcm] [Oi] [1017 cm-3] 
B CZ/100 boron 5.80 9.84 
Al CZ/100 aluminum 3.50 5.62 
Ga CZ/100 gallium 3.41 8.39 
In_1 CZ/100 indium 7.82 17.68 
In_2 CZ/100 indium 4.00 7.84 
In_3 FZ/111 indium 8.61 0.11 
 
3. Experimental results 
Time dependent charge carrier lifetime measurements were carried out on boron-, indium-, gallium- and 
aluminum-doped silicon samples. The lifetime characteristic is depicted in Fig. 1. LID occurs in boron- and indium-
doped silicon samples. Lifetime in the aluminum-doped sample is very small because of the recombination active 
aluminum related defects. Nonetheless, a small lifetime decrease of about 5 % is observed. 
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Fig. 1. Time dependent lifetime measurement during illumination of different doped silicon samples. The interstitial oxygen concentration [Oi] 
for the samples is given in the legend. 
4. ASi-Sii-defect model 
Möller and Lauer proposed a model of LID in silicon which is based on an ASi-Sii-defect configuration [5]. 
Thereby the acceptor stays close to its substitutional position, and a silicon self interstitial (Sii) is trapped at a nearby 
tetrahedral site. This is the favourable configuration in boron-doped [8] and indium-doped [9] silicon. In gallium-
doped [10] and low aluminum-doped [11] silicon pure acceptor interstitials at the tetrahedral site are preferred. The 
model explains the observed oxygen dependence [12] of the normalized defect concentration with the kick-out 
mechanism of Sii during crystal cooling due to oxygen precipitation [13 ]. Therefore, the interstitial oxygen 
concentration influences the Sii density only during crystal growth. After crystallisation no oxygen is involved in the 
LID inducing defect. 
The generation rate of interstitial acceptor atoms depends on the one hand on the concentration of self-interstitials 
[14]. On the other hand, it is known for boron that this generation rate increases with increasing hole density [15]. 
This is a possible reason for the dependence observed between the normalised defect concentration and the hole 
density [16].  
Defect generation can distinguish in a fast (FRC) and a slow (SRC) forming recombination center [17]. For 
boron-doped silicon it is known that the BSi-Sii-defect shows negative-U properties and can capture two electrons 
which leads to a configuration change [8]:  
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The configuration (C3v or C1h) depends on the charge state of the BSi-Sii-defect at which the neutral defect is 
metastable. The first electron capture occurs without configuration change and is a possible reason for the FRC 
activation. The reorientation after the second electron capture is a slower process than the electron capture without 
configuration change and can cause the SRC activation. Trap energy level shifts toward midgap, which leads to a 
lifetime decrease with increasing defect activation. 
5. Radiation damage in silicon 
The ASi-Sii-defect model is based on the presence of Sii. Enhancement of LID in CZ silicon due to ion 
implantation of Sii was not observed [18]. This is caused by the amount of implanted Sii of 1012 cm–3 being much 
lower compared to the Sii introduced during CZ crystal growth. If about 1 % of the interstitial oxygen in standard 
CZ silicon forms precipitates, around 1015 cm–3 Sii are present in the crystal. From this point of view it is improbable 
to see an enhancement of LID by implantation of 1012 cm–3 Sii.  
A further possibility to prove the defect model is to generate Sii in FZ silicon with electron irradiation. The 
introduced Sii forms with the boron (or indium) atoms the ASi-Sii-defect and the FZ silicon should degrade during 
illumination after electron irradiation. Amazingly, this investigation was done at the beginning of solar cell research. 
In 1972, Crabb discovered a reduction in solar cell efficiency in FZ silicon solar cells after electron irradiation 
followed by illumination [19]. He also mentioned that non-electron irradiated FZ cells did not degrade during 
illumination. Investigations on electron irradiated as grown FZ silicon was done in 1975 by Graff and Pieper [20]. 
They discovered the reversibility of the LID defect due to temperature treatment. Further, the investigations on as 
grown material confirm the assumption that LID is not caused by the solar cell process but is an intrinsic silicon 
defect. Boron- and gallium-doped FZ silicon solar cells were investigated by Fodor and Opjordan in 1980 [21]. 
They illuminated the FZ silicon solar cells after electron irradiation and observed LID only in boron-doped silicon. 
The gallium-doped sample showed no degradation. 
6. Summary 
Light-induced degradation (LID) in boron-, aluminum-, gallium- and indium-doped silicon was investigated. LID 
occurs in boron- and indium-doped silicon which is explained by the ASi-Sii-defect model. A possible proof of the 
ASi-Sii-defect model is the generation of silicon self interstitials (Sii) by electron irradiation. These experiments were 
described in the literature some decades ago. It was shown that the generation of Sii by electron irradiation leads to 
LID even in FZ silicon. Illumination after electron irradiation of gallium-doped silicon samples causes no 
degradation. The results are in good agreement with prediction of the ASi-Sii-defect model. 
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